Both mating system variation and the propensity of many seaweeds to reproduce both sexually 13 and asexually, leave a strong imprint in the genetic structure of species. In this respect, we study 14 the population genetic structure of Dictyota dichotoma, a common haplodiplont brown subtidal 15 seaweed. This benthic species is widespread in the NE-Atlantic, from the Canary Islands and 16
structure of South African and South American populations and their relationship to the 23 northern hemisphere populations. 24 Throughout its range, D. dichotoma shows a varying reproductive effort, with sexual 25 reproduction being more abundant in the northern range. In contrast, the Mediterranean 26 populations show a clear sporophyte dominance, suggesting that sexual reproduction is not the 27 prime mode of reproduction, and indicating that the species potentially resorts to other modes 28 of propagation as for instance fragmentation or apospory. 29
Genetic diversity is highest in the southern population decreasing gradually northward, 30 indicative for a recolonization pattern after the demise of the last glacial maximum where these 31 areas served as glacial refugia. European mainland populations show an isolation by distance 32 pattern, while the population in the Canary Islands has its own genetic identity, being 33
Introduction 37 Natural populations are the ecological entity within which evolutionary processes are acting. 38
Multiple evolutionary forces such as mutation, migration, selection and drift interact to shape 39 the genetic structure of populations, and are heavily influenced by contingent historical, 40 geographic and biological contexts (Loveless & Hamrick 1984) . Glacial cycles and other global 41 perturbations acting at geological time-scales are known to have dramatically influenced shifts in 42 species distributions and spatial patterns of genetic variation within species (Hewitt 2000 , Maggs 43 et al. 2008 ). In addition to species-specific traits (e.g. intrinsic dispersal capacity), ecological 44 factors affecting reproduction and dispersal, such as regional shoreline configurations, etc… are 45 also particularly important in shaping connectivity at more local scales and hence influence 46 genetic structure also. The environment can also select for different life-cycle strategies 47 throughout a species range, with many taxa putting varying effort in sexual reproduction (Eckert 48 2002) . While sexual reproduction produces new allelic combinations, asexual reproduction 49 produces genetically identical offspring. The relative contribution of each strategy may thus lead 50 to important differences in the genetic diversity and structure of populations across a species 51 range (Eckert 2002 , Balloux et al. 2003 . 52
Macroalgae constitute good models to study the effects of mating system differentiation on 53 population genetic structure, given their wide diversity of life cycles. Most macroalgae have 54 biphasic life cycles with somatic growth in both haploid and diploid phases, potentially 55 representing challenges for studies on their evolutionary ecology. Ideally, both life phases should 56 be sampled, in order to explore connectivity between phases on larger geographical scales 57 (Krueger-Hadfield & Hoban 2016). This can be particularly challenging as changes in habitat, 58 fitness and disruption of the sexual cycle can lead to heavily biased ploidy ratios, giving rise to 59 gametophyte (Van der Strate et al. 2002) or sporophyte dominances (Guillemin et al. 2008) . 60
Numerous algae have a capacity for both sexual and asexual reproduction (Santelices 1990) , and often, asexual reproduction becomes more important towards geographical or ecological 62 margins of species distributions (Eckert 2002 , Billingham et al. 2003 , Tatarenkov et al. 2005 Oppliger et al. 2014). High levels of asexual reproduction typically result in an increase in the 64 number of repeated multilocus genotypes (ramets or clones), linkage disequilibrium and 65 heterozygote excesses (Halkett et al. 2005 ), all of these in turn having a profound effect on the 66 genetic composition and diversity of populations. In this respect, range-wide studies on the 67 genetic structure of species that consider geographic variations in mating systems are of 68 particular interest in a world of environmental change (Eckert et al. 2010) . 69
To date, most large-scale studies dealing with patterns of population structure in brown algae 70 have focused on species with heteromorphic life cycles as fucoids or kelp (Oppliger et al. 2014, 71 but see: Couceiro et al. 2015) . These studies have also several mechanisms of asexual 72 reproduction as fragmentation in Fucus radicans and Fucus vesiculosus (Tatarenkov et al. 2005, 73 Johannesson et al. 2011, Ardehed et al. 2015) or parthenogenesis in kelp (Oppliger et al. 2007 , 74 Oppliger et al. 2014 ). The greatest difference with Dictyota dichotoma lies within their 75 heteromorphic life cycles. In fucoids gametophytes are reduced and integrated in the 76 macroscopic sporophytes and in kelps the free-living gametophytes are greatly reduced in size as 77 compared to the sporophyte generation. Reproductive characteristics, as mating system, 78 frequency of recombination or also spatial or ecological separation of ploidy phases, greatly 79 influences the genetic population structure of species. In this respect, the study of a 80 haplodiplont organism with isomorphic ploidy phases such as Dictyota dichotoma is quite 81 original and can expand current understanding on the drivers in range-wide population genetic 82 structure of brown algae. D. dichotoma is a common species found in the subtidal zone of the 83 northeast Atlantic, Mediterranean and Macaronesian coast. Recently, its presence has also been 84 genetically confirmed for South Africa (Tronholm et al. 2010 ) and Argentina (Lopes-Filho et al. 85 2017), but their origins remained hitherto elusive. D. dichotoma is able to maintain appreciable 86 biomass in the subtidal, even under high grazing pressures. This is attributed to the presence of grazer deterrent volatiles (Wiesemeier et al. 2007) , and the ability to propagate by 88 fragmentation. Reproduction occurs through an isomorphic alternation between dioecious 89 gametophytes that produce male and female gametes and diploid sporophytes that produce 90 tetraspores by meiosis. Fragmentation has been shown to be a mechanism of clonal propagation 91 in Dictyota (Herren et al. 2006) , and some species have also the ability to regenerate the 92 sporophyte phase through the production of apomeiotic spores (Hwang et al. 2005 ). The latter 93 has also been observed for D. dichotoma for a Mediterranean culture strain coming from 94
Marseille (Steen, unpublished) . Field observations suggest that gametophytes are generally 95 lacking in the Mediterranean and therefore that sexual reproduction is rather an exception than 96 the rule. Morphological observation however may not be adequate to draw inferences regarding 97 the incidence of sexual reproduction, as gametophytes might be rare, cryptic or depending on 98 specific environmental conditions and therefore be missed in the populations. As such genetic 99 recombination via sexual reproduction, or the lack of recombination is better estimated using 100 genetic data (Halkett et al. 2005) . 101
The current geographical range of D. dichotoma, extending from Norway in northern Europe, as 102 south as the Canary, has dramatically been influenced by temperature fluctuations across past 103 glacial cycles. During Pleistocene glacial maxima, ice-sheets extended far downward central 104 Europe, thereby making the coast uninhabitable for benthic organisms, only leaving southern 105 regions viable for populations During interglacial, northern areas could be colonized again from 106 these southern refugial populations (Hewitt 2000) . At present, populations of D. dichotoma are 107 subjected to large temperature gradients across this range. Temperature plays a prominent role 108 in the control of sporogenesis and growth in the species (Bogaert et al. 2016) , which could 109 influence its reproductive strategy. As the relative contribution of sexual and asexual 110 reproduction leaves a genetic signature within a species, we aim at integrating data from 111 phenological observations with population structure of D. dichotoma. For this purpose we 112 monitored the phenology and reproductive effort of D. dichotoma in the northern and southern stretches of its native range and relate these observations to its resulting genetic imprint. To do so, we developed co-dominant single locus microsatellites to explore how historical 115 climatological events in conjunction with mating system differences have shaped the 116 intraspecific genetic diversity of D. dichotoma across its range. 117 118
Materials and Methods 119
Phenology 120
Four populations (Carry-le-Rouet, Calanque de Sormiou, Wimereux, Goes, Table 2) The run resulted in a total of 3·10 6 raw reads which were analysed with the standard settings of 147 Thirteen microsatellites loci, estimated to be polymorphic based on a subset of samples, were 156 amplified with fluorescently-labelled primers in 5 multiplex reactions as follows: DdA-DdC-DdH, 157 Hedrick (2011). The latter measure is more evident given the high mutation rate of 198 microsatellites. Significance is based on p-values using 1000-fold bootstrap resampling. In order 199 to correct for multiple comparisons, the Benjamini Hochberg procedure is used, with a false 200 discovery rate of 0.05. 201 G tests (Goudet et al., 1996) We employed a model free K-means clustering approach based on genetic distances to infer 210 population genetic structure (Jombart et al. 2010 ), which does not assume unlinked markers and 211 panmictic populations (Pritchard et al. 2000) , and is therefore more convenient for species that 212 reproduce clonally or partially clonally. In order to infer the number of genetic populations 213 without prior information on population structure and sampling, we ran the function function turns the original genotypic data into uncorrelated principal components and scores 216 clustering solutions for different numbers of clusters using a Bayesian Information Criterion 217 (BIC). The optimum number of clusters was anywhere between 15-20 (Suppl. Inf. 1) retaining all 218 the PCs. We chose to proceed with a Discriminant Analysis of Principal Components (DAPC) using 219 the sampling locality as a prior for the groups. In order to ensure the discriminant analysis (DA) 220 with the population priors was not overfit by retaining too many PC's, a preliminary full model 221 was run including all PC's. An optimal a-score was estimated in order to maximize the ability to 222 assign individuals to clusters reliably. To do this, a permutation test was run with 1000 223 simulations, maximizing the a-score, by comparing the number of assignments to the "real" 224 number of clusters to randomized clusters. The a-score measures the proportion of successful 225 reassignments to the prior clusters or to random clusters, and is essentially a measure of 'over- 
Population genetic analyses 273

Basic locus statistics and population genetic indices 274
For the diploid samples, no evidence was present for stutter alleles or large allele dropout. A 275 general homozygote excess is noted for the diploid samples when comparing observed and 276 expected heterozygosities (Table 3) . This is not caused by null alleles, given the very low 277 proportion of non-amplification (maximum 1% for Dd 1 and Dd7) of known haploid samples. The 278 total missing data for the diploid samples was 1%, but this appears to be an artefact of the 279 multiplex PCR, rather than null alleles. Therefore, we did not consider null alleles to have an 280 effect on further analyses. After removal of individuals having greater than 10% missing data (i.e. 281 more than 1 locus not amplified out of 13) the diploid dataset totalled to 458 individuals with 282 0.2% missing data. Missing data per locus did not exceed 0.9% (Locus DdD and Dd7) and missing 283 data per population did not exceed 1.0% (Villarino). 284
All MLG had a probability of Psex lower than 0.05, except for two MLGs from Wimereux. Both 285 copies of the respective MLGs were retained within the clone corrected dataset (MLG 133 (W17-286 6, W19-6) & MLG135 (W7-10, W26-6)) in order to calculate Fis for the clone-censored dataset. 287
Pairwise linkage disequilibrium (LD) within population was highest in the Marseille populations, 288 together with Split and Zahara. Multilocus LD was significant in any of the populations (Table 3) . 289
Values were highest at the southern and eastern edge of the native range (Panorama and Asilah 290 respectively) and in the South African populations, as well as in Zahara, Muxia and Roscoff. 291
Clone-censoring did not reduce these values greatly. 292
Genetic and genotypic diversity: 293
Genetic diversity indices for the sporophytes are reported in Table 3 . The rarefied number of 294
MLGs on a total of 13 individuals was lowest for Panorama (1,5), Asilah (3,74), Split (7,44) and 295 for Kalk Bay (9,16). Allelic richness is highest in the southern populations (Calanque de Sormiou, 296 The scatter plot (Fig. 3a) visualizing the between-group structure of the native populations 318 excluding Wimereux (but see Suppl. Fig 2) , reflects the geographical continuum along the 319 Atlantic and Mediterranean coast on the first axis. Along the second axis, the Canary island 320 population is separated from the mainland samples. Pairwise differentiation of populations as 321 measured with Fst and Dest are summarized in the supplementary (Suppl. Fig. 4) . Globally, the 322 most differentiated populations are the Canary island population Punta del Hidalgo as well as 323
Wimereux and Goes depending on the indices used. Geographically-close population pairs could 324 be highly (Wimereux/Goes) or weakly (Asilah/Cap Spartel) differentiated, depending on the 325 region considered. A pattern of isolation by distance (IBD) was observed for the European 326 populations (p<0,05; r²=0,45) (Suppl. Fig. 3 ), although stronger when excluding the Canary Island 327 population Punta del Hidalgo (p<0,01; r²=0,58) ( Fig. 4) . 
Potential origin of introduced populations 352
In order to trace genetically introduced populations to their putative region of origin, we 353 reassigned individuals from either Argentina or South Africa onto the training dataset. South 354 African individuals were plotted widespread over the European scatterplot (Fig. 3c) . Individuals 355 were mainly reassigned to Zahara (n=15) and Goes (n=8), but also to Muxia (n=3) Split (n=2), and 356 1 individual each to Calanque de Sormiou, Cap Spartel, Banyuls and Asilah. Samples from 357
Argentina seem to be genetically more similar (Fig. 3b) summer conditions to germinate. If germlings were allowed to grow until a 7-9 cell stage, they 373 were able to survive 21 weeks of winter conditions. For D. dichotoma experiments have indeed 374 shown that sporophyte germlings from Roscoff can be conserved with limited growth at 375 temperatures as low as 8 °C (Bogaert et al. 2016) . These low temperatures also inhibit 376 sporogenesis. These findings together with dominance of sporophytes in early spring could be an 377 indication that D. dichotoma hibernates as small sporophyte germlings. 378
The highest fertility rates were first observed in spring for the northern (June SST 12.9 °C for 379 Goes and July SST 13.5°C for Wimereux) and later on for the Mediterranean populations (May 380 SST 16.4°C). Canary Island populations were most fertile at the end of winter (February SST  381 19.4°C and March SST 19.0°C). Roughly, fertility was observed when SST measure between 13° 382 to 23° C suggesting that temperature regulates sexual reproduction. Given the discrepancy of 383 the timing of observation of fertile individuals between different latitudinal regions, we 384 speculate that temperature rather than photoperiodism plays the most significant role in the 385 onset of sexual reproduction of D. dichotoma. Seaweeds with limited dispersal capacities can show a pattern of isolation by distance (IBD), with 442 populations in geographic proximity being genetically more similar than those separated by 443 larger geographical distances. When genetic drift is greater than gene flow, this pattern between 444 geographic and genetic distance quickly erodes (Wares 2002) , and at least for intertidal fucoids 445 and for some kelps, signals of isolation by distance quickly fade at larger distances (Fraser et al. 446 2010 , Olsen et al. 2010 , Neiva et al. 2012 ). This pattern of increased isolation by distance has 447 been refuted for many fucoid algae and kelps. Often sharp genetic breaks are observed which 448 are not correlated with distance (e.g. Tellier et al. 2009 , Macaya & Zuccarello 2010 , Neiva et al. 449 2012 . For the subtidal D. dichotoma we do clearly observe this IBD pattern along the whole of 450 the northeast Atlantic and Mediterranean coast, suggesting a stepping stone model of gene flow 451 between European populations. We did not observe any sharp genetic breaks over the Atlanto-452 Mediterranean transition as suggested for different marine organisms (Patarnello et al. 2007) , 453
suggesting that populations of D. dichotoma are connected and able to exchange propagules 454 contributing to the genetic pool of neighbouring populations. Even though including the Canary 455
Island population in the analyses does not erases this signal, the latter seems to be even more 456 diverged, with divergence measures consistently higher for any given distance. The stretch of 457 ocean between the mainland and the Canary Islands thus may represent a barrier for genetic 458 exchange, and contribute to the divergence of this population from the mainland. The absence 459 of D. dichotoma further south along the Moroccan coast indicates this as a plausible hypothesis. 460
Analogous to Punta del Hidalgo, Wimereux in Nord-Pas-de-Calais is also highly distinct from 461 other European populations, based on measures of genetic differentiation. But in contrast, this 462 population shows a homozygote excess, low allelic richness and a high proportion of fixed loci (5 463 out of 13), all of which are indicative of inbreeding. As this population was sampled from a tidal 464 flat, isolated on a sandy stretch of coast, our results suggest that this sampling location is merely 465 a small, isolated population with little potential for genetic exchange. Taking into account the 466 small size and the secludedness of this population, genetic drift could have caused fast 467 differentiation from the other populations (Suppl. Fig. 2) . 468
Interplay between historical range dynamics and geographical parthenogenesis 469
A pattern of southern richness and northern homogeneity (Hewitt, 2000) is evident in Dictyota 470 dichotoma. Southern populations have a high proportion of endemic alleles and higher genetic 471 diversity. This is clearest in the populations of Punta del Hidalgo on the Canary Islands, the 472 
